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A B S T R A C T   

Additive Manufacturing (AM) has opened new frontiers for the design of refractory high-entropy alloys (HEAs) 
for high-temperature applications. The thermal conductivity of the AM feedstock is among the most important 
thermo-physical properties that control the melting and solidification process. Despite its significance, there 
remains a notable gap in both computational and experimental research concerning the thermal conductivity of 
HEAs. Here, we use density functional theory (DFT) to systematically investigate the alloying effects on the 
transport properties of Ti-Cr-Mo-W-V-Nb-Ta RHEAs, including electrical and thermal conductivities and Seebeck 
coefficient. The relaxation time of charge carriers is a key underlying parameter determining thermal conduc
tivity that is exceedingly challenging to predict from first principles alone, and we thus follow the approach by 
Mukherjee, Satsangi, and Singh [Chem Mater 32, 6507 (2022)] to optimize the relaxation time for RHEAs. We 
validated thermal conductivity predictions on elemental solids, binary and ternary alloys, and RHEAs and 
compared them against thermodynamic (CALPHAD) predictions and our experiments with good correlations. To 
understand observed trends in thermal conductivity, we assessed the phase stability, electronic structure, 
phonon, and intrinsic- and tensile strength of down-selected RHEAs. Our electronic structure and phonon results 
connect well with the observed compositional trends for thermal transport in RHEAs. Our DFT assessment and 
CALPHAD predictions provide a unique design guide for RHEAs with tailored thermal conductivity, a critical 
consideration for AM and thermal-management applications.   

1. Introduction 

Multi-principal element alloys, also known as high-entropy alloys 
(HEAs), introduced by Yeh et al. [1] and Cantor et al. [2], are typically 
defined to have principal elements ≥3 with concentrations ranging be
tween 5 and 35 at.%. This class of alloys has emerged as a promising 
candidate for applications in extreme environments [3]. Their complex 
chemistries result in simple yet highly distorted (at the atomic scale) 
crystal structures, i.e., face-centered cubic (FCC) or body-centered cubic 
(BCC), that lead to extraordinary material properties, having high 
fracture toughness [4] and showing good combinations of strength and 

ductility [5,6]. The chemical complexity and atomic size mismatch also 
result in local lattice distortions that may inhibit diffusive mass trans
port, helping HEAs retain their structural properties at very high tem
peratures [7,8], radiation dose rates [9], or corrosive environments 
[10]. 

Research on refractory HEAs (RHEAs) has recently gained mo
mentum, as several alloys within this vast chemical space have been 
shown to exhibit high strength, high oxidation resistance, wear resis
tance, and/or thermal stability at elevated temperatures [11–25]. Such 
attributes make RHEAs exceptionally suitable for advanced applications 
that require high-temperature load-bearing capabilities, such as in 
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aviation, energy applications, and engine manufacturing, as well as for 
plasma-facing structural materials in nuclear environments. However, 
RHEA-based parts are difficult to manufacture with standard ingot 
metallurgy due to their brittleness and high ductile-to-brittle transition 
temperatures (DBTT) as well as their extraordinary strengths at high 
temperatures. As such, AM offers an alternative for fabricating 
defect-free RHEA parts, although several challenges remain [26–29]. 
Due to their inherent brittleness, for example, RHEAs have a tendency to 
form cracks upon fast cooling during AM. The thermal shock resistance 
of RHEAs can be improved through the tuning of their 
thermo-mechanical properties, including thermal conductivity. 

Experimental studies on the thermal transport properties of Re
fractory High Entropy Alloys (RHEAs) are limited [30–34], even though 
understanding the impact of chemical complexity on these properties is 
essential for their high-temperature performance. Thermal conductivity 
in RHEAs, influenced by charge chemistry and electron and phonon 
interactions [35], is key for managing thermal stresses and heat dissi
pation [36–39]. The wide range of thermal conductivities in RHEAs 
highlights the need for developing predictive design methodologies and 
their experimental validation, aimed at optimizing RHEAs for specific 
applications [40–42]. 

In this study, we conducted a comprehensive high-throughput (HTP) 
analysis using density-functional theory (DFT) to investigate the effects 
of alloying on the phase stability and transport properties of Refractory 
High Entropy Alloys (RHEAs). Specifically, this work is just one study 
within a larger closed-loop campaign in which we designed RHEAs for 
application in jet engine turbine blades [43]. This assessment is crucial 
for the design of RHEAs with optimized thermal management and 
enhanced additive manufacturability, particularly for high-temperature 
applications [44,45]. The HTP DFT calculations were complemented 
with CALPHAD-based predictions. The investigation was carried out 
over 126 refractory-containing alloys within the 
Cr-Hf-Mo-Nb-Ta-Ti-V-W-Zr system. The transport properties of interest 
include electrical conductivity, thermal conductivity, and Seebeck co
efficient, which depend inherently on the relaxation time of the ener
gy/charge carriers. We evaluated the temperature-dependent relaxation 
time by analyzing the electronic thermal conductivities of elements in 
periodic-table groups five (V, Nb, Ta) and six (Cr, Mo, W). 

We complemented the thermal conductivity analysis with easy-to- 
calculate quantities from DFT and mean-field methods, i.e., phase sta
bility, intrinsic (elastic moduli), and yield strength, to capture their 
correlation. Such correlations are important as they can be exploited for 
alloy design [46–48]. Focusing on RHEAs with melting temperatures 
above 1800◦C, we investigated their electronic structure and phonons to 
understand alloying effects on thermal conductivity. We offer a theo
retical analysis of the transport properties in RHEAs with experimental 
validation. We provide insights for designing novel high-temperature 
structural alloys that advance our understanding of optimizing 
high-performance alloys in thermal environments. 

2. Methods 

2.1. Density functional theory (DFT) 

We employed first-principles DFT as implemented in the Vienna Ab- 
initio Simulation Package (VASP) [49,50] for geometrical optimization 
(e.g., lattice constants, volume, bond length, and bond angles) and 
charge self-consistency. The generalized gradient approximation of 
Perdew, Burke, and Ernzerhof (PBE) was employed in all calculations 
[51] with a plane-wave cut-off energy of 520 eV. The choice of PBE over 
LDA or meta-GGA [52,53] functionals is based on the work of Söderling 
et al. [54] and Giese et al. [55] that establishes the effectiveness of GGA 
functionals. Large Supercell Random Approximates (SCRAPs) ranging 
from 54 to 90 atoms per cell to accommodate non-stoichiometric com
positions with optimized disorder (zero-correlation) [56] were gener
ated (a single, optimized configurational representation) for DFT 

calculations. We used energy and force convergence criterion of 10−6 eV 
and 10−6 eV/Å, respectively, for full (volume and atomic) relaxation of 
MPEA SCRAPs. The Monkhorst-Pack k-mesh was used for Brillouin zone 
integration during structural optimization and charge self-consistency 
calculations [57]. 

DFT-based perturbation theory (DFPT) calculations were combined 
with PHONOPY code to analyze phonon dispersion and phonon density 
of states of three selected MPEAs, i.e., CrMoNb, Nb50Mo25V25, and 
Nb50Mo25V20W5 [58]. The disorder supercells of these three alloys were 
further optimized with stricter energy and force criterion of 10−8 eV and 
10−7 eV/Å as phonon calculations needs zero lattice and atomic forces. 

2.2. DFT enthalpy calculations 

Formation energy (Eform) of selected compositions were calculated: 

Eform = EHEAs
Total −

∑

i
niEi (1)  

here EHEAs
Total is the total energy of disordered BCC RHEAs, n is the number 

of atoms in the SCRAPs configuration, and Ei is the elemental energy. 
Eform per atom was calculated by dividing by the number of atoms per 
unit cell. 

2.3. Transport properties 

Electronic thermal conductivity (κe) and electrical conductivity (σe) 
of electrons were calculated using the BoltzTraP code [59] for the 
Boltzmann transport equation, obtained by integrating the following 
equations: 

σ(T; μ) = −
1
V

∫∞

−∞

dε × σ(ε)
∂f(T, ε, μ)

∂ε (2)  

κ(T; μ) = −
1

e2TV

∫∞

−∞

dε × σ(ε) × (ε − μ)
2∂f(T, ε, μ)

∂ε (3) 

Here, V is the volume per unit-cell, μ is alloy chemical potential, T is 
temperature, and ε is the electronic band energy. The conductivity 
tensor σ(T; μ) is defined in terms of the projected density of states en
ergy, i.e., σ(T; μ) = 1

Ne

∑

k
σ (k)δ(ε − εk), where Ne is DFT carrier con

centration calculated, and the k points in the k-mesh. 

2.4. Lattice thermal conductivity 

We computed the lattice thermal conductivity (LTC) of RHEAs using 
the Slack model [60,61]. 

κl(θα) =
4.04311

20π3(1 − 0.514γ−1 + 0.228γ−2)
×

(
kBθα

ℏ

)2kBMavV1/3

ℏγ2 (4) 

Here, LTC is dependent on Grüneisen constant (γ) [62], acoustic 
Debye temperature (θα) [63], average atomic mass (Mav), and volume 
per atom (V) at a given temperature. The acoustic Debye temperature 
can be estimated from the Debye model using Bulk moduli (B) as 
[64–66] 

θα = n1/3θD = n1/3 ℏ
kB

[
6π2V1/2n

]1/3f(ν)

̅̅̅̅̅̅̅̅
B

Mav

√

(5) 

Here, n is the number of atoms in the unit cell, ν is the Poisson’s ratio, 
and f(ν) is the compressibility factor given by 

f(υ) =

{

3

[

2
(

2
3

×
1 + ν
1 − 2ν

)2/3

+

(
1
3

×
1 + ν
1 − ν

)3/2
]−1}1/3

(6) 

ν is estimated using the rule-of-mixture from elements, typically in 
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the range 0.25-0.35. The bulk modulus of each RHEA was obtained 
directly from DFT calculations. 

2.5. Alloys studied 

In this work the transport properties of 126 refractory-containing 
alloys were studied with DFT. These alloys are reported in the Supple
mental Materials. These alloys were synthesized throughout the course 
of a close-loop campaign aimed at designing RHEAs for application in jet 
engine turbine blades. These alloys were down-selected for various 
purposes throughout the closed-loop campaign. Of these 126 alloys, 106 
were designed throughout the RHEA discovery campaign itself and are, 
at a minimum, predicted to meet the constraints shown in Table 1. While 
the closed-loop campaign itself is not the subject of this work, thermal 
conductivity is an important consideration in this campaign and must be 
well understood prior to committing resources to scale-up any candidate 
alloys for further investigation. 

The remaining 21 alloys were selected for various reasons to sup
plement the design campaign. Among these alloys, 5 are non-equimolar 
ternaries systematically selected to refine Thermo-Calc’s TCHEA4 
thermodynamic database. Specifically, after applying variations on the 
filters outlined in Table 1, we targeted ternary systems that most 
frequently appeared within the passing design space. These systems, 
which were previously not critically assessed in TCHEA4, were identi
fied as important to the success of the campaign. These alloys are 
denoted by the tag ‘CALPHAD’ in the Supplemental Material. Thus, 
ternary systems with the ‘CALPHAD’ tag are frequently represented in 
the alloys with the ‘Designed’ tags. These thermodynamic assessments 
were subsequently incorporated into the TCHEA5 and TCHEA6 data
bases. Assessment of these ternaries is important to ensure that the 
quaternary and quinary alloys meet the BCC phase stability constraint in 
Table 1. The remaining 14 alloys were selected according to expert 
opinion and metallurgical intuition based on the performance of the 
designed alloys. These alloys are denoted with the tag ‘Other’. All 
compositions and their predicted properties are reported in the Sup
plemental Material. Details on this closed-loop campaign will be pub
lished in future work, however for the scope of this work, the transport 
properties of this chemically diverse set of 126 refractory-containing 
alloys were systematically studied with DFT. 

2.6. CALculation of PHAse diagrams (CALPHAD) 

The CALPHAD method involves calibrating free-energy models. 
These linear models are derived from theories and phase-dependent 
parameters, which can come from experimental data or various 
modeling approaches. These parameters are associated with derivatives 
of Gibbs free energy and include factors like chemical potential, 
enthalpy, specific heat capacity, and volume. In the present work 
Thermo-Calc’s freeze-in temperature model equipped with the TCHEA5 
database was used to estimate thermal conductivity for 126 candidate 
RHEAs. These alloys were designed to have a single BCC phase at 

1300◦C, as predicted by Thermo-Calc’s equilibrium model (for more 
details on this design process, see Ref. [67]). As such, the freeze-in 
temperature was set to 1300◦C to calculate the thermal conductivity 
of the BCC phase at various temperatures and compositions. To capture 
temperature dependence of thermal conductivity, the Thermo-Calc 
property model queries polynomials that are functions of temperature 
that are fitted on thermal conductivity data for unaries and end-member 
compounds in the CALPHAD database. When relying on this database of 
experimental thermal conductivities, electronic and lattice thermal 
conductivities are not treated separately. When data is sparse for a 
particular system, the thermal conductivity is estimated to a first 
approximation by the Slack model [61,68,69] for lattice thermal con
ductivity and the Wiedemann-Franz Law [61,68] for electronic thermal 
conductivity, which is then summed to obtain the overall thermal con
ductivity [68]. 

2.7. Experimental details 

Five RHEA compositions selected for experiments were synthesized 
from high-purity elements (>99.9 wt.%) using a Buehler AM200 vac
uum arc melter (VAM) under ultra-high purity (UHP) Argon (Ar) at
mosphere. Each coupon was flipped and remelted at least 10 times to 
ensure compositional homogeneity. Vanadium (V), the lightest element 
in the candidate alloys, was added to the melt last to minimize evapo
ration losses during fabrication. Homogenization heat treatments were 
performed in an UHP Ar atmosphere using a Centorr high-temperature 
furnace (LF Series, Model 22). The heat treatment chamber was vac
uumed and flushed with UHP Ar gas 3 times before each cycle. The heat 
treatment time and temperature selections were guided by the diffusion 
module of Thermo-Calc software, DICTRA, to fully eliminate the den
dritic structure, imaged using a scanning electron microscope and 
analyzed for dendrite dimensions. Following the heat treatments, the 
alloys were furnace-cooled down to room temperature. Density mea
surements of the bulk arc-melted coupons were carried out using the 
Archimedes method with an analytical balance equipped with a density 
determination kit after heat treatments. Ethanol (ρ = 0.789 g/cm3) is 
used as the immersion liquid. Subsequently, sample profiles were cut via 
wire electrical discharge machining (wire-EDM) to produce 10 mm by 
10 mm specimens with 2mm thickness for microstructural and compo
sitional investigation and thermal property measurements. The spec
imen surfaces were polished using abrasive SiC polishing papers starting 
from 320 grit to produce a final polish with 1200 grit. Samples were then 
placed into a vibratory polisher for 48 hours in 0.04 µm colloidal silica 
suspension. The sample surfaces were cleaned using an ultrasonic 
cleaner for 15 minutes in an isopropanol bath at 50◦C before the mea
surements were performed. 

The specific heat capacity of the samples was measured using a TA 
Instruments DSC 2500 scanning calorimeter, covering a temperature 
range from 15ׄ to 40◦C at a ramping rate of 20◦C/min. Room- 
temperature thermal conductivity was measured using Time-domain 
Thermoreflectance (TDTR). Before conducting TDTR measurements, 
the polished side of the sample was coated with a ~90-nanometer-thick 
layer of Al, which served as the TDTR transducer. TDTR, an advanced 
laser-based pump-probe technique, can determine the thermal proper
ties of bulk and nanostructured materials [70,71]. 

As shown in Fig. 1, this technique involves periodically heating the 
sample surface with a modulated pump laser beam while a delayed 
probe laser beam detects the resulting temperature changes on the 
surface through the thermoreflectance of a transducer. The determina
tion of thermal transport properties is accomplished by adjusting free 
parameters (the unknown thermal properties) in a thermal transport 
model [72] to obtain the best fit between the model prediction and the 
experimental data. This process extracts thermal properties such as 
thermal conductivity and interface thermal resistance. Thermal con
ductivity measurements were conducted three times at various locations 
on the sample to confirm repeatability. The acquired signal is then 

Table 1 
Constraints applied to down select the designed alloys. κ; room temperature 
thermal conductivity. Р; room temperature density. Tsolidus; solidus temperature. 
YS; Yield strength.  

Constraint Purpose Information Source 

κ ≥ 12 W/m-K Thermal management 
(motivation for work) 

Thermo-Calc Property 
Module 

ρ ≤ 11 g/cc Application in aircraft Thermo-Calc Property 
Module 

Tsolidus ≥ 1800◦C High temperature operation Thermo-Calc Property 
Module 

Single Phase BCC at 
1300◦C and Tsolidus 

Avoid deleterious phases Thermo-Calc 
Equilibrium Module 

YS ≥ 150 Mpa at 1300◦C High temperature operation Maresca-Curtin Model  
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processed using an analytical heat-transfer solution of the sample 
structure to deduce important parameters, like thermal conductivity (κ) 
and the thermal boundary conductance (TBC) at the metal 
transducer-sample interface. When measuring the cross-plane κ of the 
sample, we utilized a 10 × objective with a spot size of 10.3 µm, and the 
pump beam is modulated at a frequency of 9.6 MHz. To determine the 
thicknesses of the Al transducer, we employed a picosecond acoustic 
technique profilometry [71]. The microstructure of the samples was 
investigated using FEI Quanta 600 FE-SEM with a voltage of 20kV. An 
Oxford Instruments energy dispersive X-ray spectroscopy (EDS) system 
equipped with X-ray mapping and digital imaging was used to determine 
the average compositions of synthesized alloys after heat treatments. 

3. Results and discussion 

3.1. Section I – thermal transport properties of refractory based multi- 
principal element alloys 

In theoretical estimations of (electronic) thermal conductivities, the 
relaxation time (τe) is often treated as a constant; however, it should be 
treated as a function of temperature and electronic states due to its 
dependence on scattering events and its related electronic origin. Ac
counting for the temperature dependence of relaxation time is important 
as both electrical conductivity and thermal (electrical) conductivities 
are directly proportional to τe. In practice, conductivity data from ex
periments is fitted to a “back-calculated” τe. Clearly, this approach is not 
useful in high-throughput studies due to insufficient conductivity data 
for chemically complex alloys. To address this lack of data, we took the 
machine-learning (ML) model proposed by Mukherjee et al. [73] and fit 
it with DFT-calculated quantities to predict τe of RHEAs in a 
high-throughput manner. The final model resulted in the relation: 

τe ∼ 3.5 × 10−3 × T−1 × n−1/3, (7)  

where T is temperature and n (~ne−/V) are carrier concentration. The 
relaxation time of Cr, Mo, and W in Fig. 2a shows a weakly increasing 
trend with increasing atomic number, indicating its dependence on the 
change of electron concentration with increasing temperature. The ML 
model in [39] had the dependence on charge carrier, unit-cell volume, 
and temperature, where charge carrier and V were calculated from DFT. 

Fig. 1. Schematic of the Time-Domain Thermoreflectance (TDTR) testing apparatus at Texas A&M University. A mode-locked Ti:Sapphire laser is divided into pump 
and probe beams to heat and measure thermo-reflectance change successively. Optical filters block the pump beam from reaching the Si photodiode. 

Fig. 2. (a) Relaxation time (τe), (b) electrical conductivity (σe), (c) Thermal 
(electrical) conductivity, and (d) Seebeck coefficient (S) of group five (V, Nb, 
and Ta) and group six (Cr, Mo, W) elements of the periodic table. Room- 
temperature σ are compared with experiments [74]. 
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For simplicity, we excluded contributions due to scattering on grain 
boundary and point-defects, as we are considering near defect-free sin
gle-phase alloys with large grain size. We also want to clarify that the 
relaxation time in this work includes the effects arising from charge 
carriers. 

In Fig. 2a, the model estimated range of τe was found to be of the 
order of 10−13 s for group five (V, Nb, and Ta) and group six (Cr, Mo, W) 
elements, consistent with the range observed in metallic materials. We 
found that the relaxation time at higher temperatures (>1000K) is 
significantly reduced compared to RT data in Fig. 2a. We found a quick 
drop in τe due to an increase in scattering with increasing temperature 
up to 600 K. On the other hand, if we exclude Ta, the high-temperature 
behavior of τe for each element remains the same due to insignificant 
changes in scattering after a certain temperature. The elemental elec
trical conductivities (σ) calculated from the model plus DFT-predicted 
relaxation are shown in Fig. 2b. The DFT-predicted σ was compared to 
room-temperature data from experiments and exhibited good agreement 
[74]. 

The DFT-calculated electronic thermal conductivity (κe) estimate in 
Fig. 2c was done using the relaxation time model in Eq. (7), which shows 
a slight change in trends compared to electronic conductivity in Fig. 2b. 
The Mo shows lower conductivities (σe, κe) compared to Cr and W, i.e., 
Mo (σe, κe) < Cr (σe, κe) < W (σe, κe). We traced back this change to 
varying unit-cell volumes, number of charge carriers, atomic size 
mismatch, and atomic mass differences among unary Cr, Mo, and W. It 
was well known that the thermal (electronic) conductivity in any ma
terials can be determined by the transfer of energy through electronic 
collisions with atoms as well as with electrons themselves. These elec
tronic collisions are expected to become more frequent with increase in 
temperature, thereby, leading to electronic conductivity dependence on 
both composition and temperature. Additionally, our analysis of the 
Seebeck coefficient (S), depicted in Fig. 2d, reveals that negative (pos
itive) Seebeck coefficient values indicate holes (electrons) as the pre
dominant charge carriers. A similar trend is observed in group five 
elements of the periodic table with body-centered cubic (bcc) crystal 
symmetry, namely V, Nb, and Ta. Notably, these elements, which have 
analogous electronic configurations, also exhibit a similar range of 
relaxation times. 

As pointed out earlier, it is important to understand how chemistry 
change in refractory based metal alloys impacts transport behavior. In 
Fig. 3, we show the change in DFT calculated transport behavior 
including relaxation time (Fig. 3a), electrical conductivity (Fig. 3b), 

thermal (electrical) conductivity (Fig. 3c), and Seebeck Coefficient 
(Fig. 3d) of unary (Cr, Mo), binary (CrMo), and ternary (CrMoW) re
fractory alloys. The relaxation time of unary was found one order of 
magnitude larger than binary and ternaries. While electrical conduc
tivity of ternary CrMoW (~0.6 × 107 S/m) RHEA in Fig. 3b shows a 
factor of two-to-three drop compared to unary (~1.1-1.9 × 107S/m) and 
a factor of 1.2 drop compared to binary (106 S/m) alloy. Interestingly, a 
weakly increasing trend in thermal (electrical) conductivity was 
observed for most cases except for binary CrMo in Fig. 3c, which shows a 
sharp increase with temperature. These changes could be attributed to 
varying electron scattering abilities arising from differences in atomic 
sizes and valence-electrons in unary, binary, and ternary metal alloys. 

We also analyzed the Seebeck coefficient (S), which depends directly 
on type of charge carriers. Our analysis for CrMoW (Fig. 3d) shows that 
holes are the effective charge carriers controlling the Seebeck behavior 
at low-T (< 500 K) while electrons are the effective charge carriers high- 
T (> 500 K). We found that ternary refractory CrMoW shows strong 
tunability of transport with respect to increasing chemical complexity 
when compared to unary {Cr, Mo, W} or binary {CrMo, CrW, MoW} 
alloys (see electronic structure reference in appendix Fig. A1). For 
example, the weak thermal (electrical) conductivity for the ternary 
CrMoW in Fig. 3c is attributed to an increased chemical (positional) 
disorder that aids the creation of new conducting paths. At high energy 
sites, the new electronic mechanism created by disorder leads to an 
increased probability of carriers, which is expected to decrease the 
electrical conductivity due to increased chemical complexity [75]. We 
believe that the slow change in thermal (electrical) conductivity with 
temperature originates from disorder such as chemical and/or mass 
disorder, atomic-size mismatch, varying valence-electron etc introduced 
by increasing chemical complexity. Thus, in the next section, we tried to 
understand the origin of these trends in terms of electronic structure, i. 
e., DFT calculated charge density (carrier density) and density of states. 

3.2. Section II - electronic-structure correlation of electrical conductivity 

The increased disorder, i.e., chemical and lattice, arising from 
alloying and different atomic sizes introduces local lattice distortions in 
the periodicity of the BCC RHEAs, which leads to elastic scattering of the 
conduction electrons at an extremely fast rate at finite temperature. This 
provides the primary scattering mechanism for electronic transport 
phenomena in metallic alloys. To understand the change in transport 
behavior with a systematic increase in chemical complexity, we plot the 
total density-of-states (DOS) for Cr, Mo, CrMo, and CrMoW (Fig. 4a), 

while alloy charge density difference (Δρ
[

alloy −
∑

i
elementsi

]

) (Fig. 4b) 

shown for CrMo and CrMoW, which is calculated with respect to 
elemental constituents. 

Fig. 4a shows the energy dependence of the total electronic DOS in 
disordered CrMo and CrMoW. The elemental DOS for Cr and Mo are 
shown as a reference to highlight the alloying effects. The increased 
electronic DOS for CrMo and CrMoW compared to Mo at the Fermi level 
is the possible reason for reduced electrical conductivity (Fig. 3b) and 
Seebeck coefficient (Fig. 3d). This hypothesis also connects well as lower 
DOS for Mo at/near Fermi-level shows higher conductivity. This shows 
an inverse correlation between total DOS and electrical transport. We 
believe that increased electronic states in disordered solids enhance the 
local scattering, reducing the overall conductivity. To understand it 
better, we plot the charge density difference for CrMo and CrMoW in 
Fig. 4b, which shows that CrMoW has a much higher electronic density 
that would lead to higher electronic scattering and lower transport. With 
increasing temperature, a lower conductivity (higher resistivity) in 
Fig. 3b found for CrMoW indicates that the increased atomic-level dis
order in the ternary alloy results in a higher degree of disorder smearing. 
This corroborates with our hypothesis that chemical complexity pro
vides better control on tunability of thermal transport in RHEAs. 

Fig. 3. (a) Relaxation time (τe), (b) electrical conductivity (σe), and (c) thermal 
(electrical) conductivity (κe) with increasing chemical complexity, i.e., Cr, Mo, 
CrMo, CrMoW. Conductivity changes due to W addition arise from specific mass 
and charge balancing in CrMoW. Tungsten is at the eighth place overall in terms 
of electrical conductivity (e.g., σe,W is 31% of Cu). 
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3.3. Section III – comparison of electrical conductivities: DFT and 
CALPHAD 

The electrical conductivity in metal alloys is proportional to the 
Wiedemann-Franz (W-F) relation, where free electrons are the primary 
carriers responsible for electrical conduction. The W-F relation estab
lishes the proportionality between thermal and electrical conductivities 
arising from changes in carrier concentration. Moreover, we know that 
both electrical and thermal conductivities in metals are due to the flow 
of charge carriers within a given lattice structures. We plot a compara
tive electrical conductivity for CrMoX (X=W, Ta, V, Nb) RHEAs calcu
lated using DFT (Fig. 5a) and CALPHAD in (Fig. 5b.). The increased 
chemical complexity in CrMoX shows significant variation in room 
temperature electrical conductivity, i.e., 0.4-1.5 × 107 S-m−1. We 
attribute this change in electrical conductivity to a significant change in 
valence electron distribution and atomic-size mismatch found in group- 
V (V, Nb, Ta) and group-VI (Cr, Mo, W) elements of the periodic table. It 
is well known that the conduction phenomena in a disordered alloy are 
governed by valence electrons, where the mean energy of electrons 
depends on the system temperature. For the five alloys in Fig. 5b, we 

found that higher VEC systems (CrMo, CrMoW) show higher conduc
tivity while lower VEC systems (CrMoX, X=V, Nb, Ta) show lower 
conductivity. Notably, the conductivity clearly finds its connection to 
the charge carriers, which is suggestive of direct role of valence elec
trons. The slight difference between DFT and CALPHAD calculated 
electrical conductivities arises from differences in relaxation time that 
needs optimized unit-cell volume and charge-carrier information as 
shown in Eq. (1). Despite such differences, we found similar range of 
electrical conductivities between our DFT based approach with 
CALPHAD. 

3.4. Section IV - transport analysis of CrMoX and Cr-/Mo-based RHEAs 

3.4.1. CrMoX based ternary refractory alloys 
Here, we analyze the transport behavior of medium entropy CrMoX 

(X=Ti, Zr, V, Nb, Ta, W) and Cr-/Mo-based RHEAs. In Fig. 6, we present 
transport properties, where we systematically investigated the effect of 
adding group four (Ti, Zr), group five (V, Nb, Ta), and group six (W) 
elements. In Fig. 6a, we plot the temperature dependence of relaxation 
time, which shows an order of magnitude jump (∼ 10−12s) compared to 
unary and binary systems (~10−13s, see Fig.2a and c). Our findings 
demonstrate the dependence of relaxation time on alloying chemistries, 
indicating the drawback of the standard assumption of constant relax
ation time, especially in RHEAs. However, we do not see a drastic 
change in relaxation time with a change in the type of alloying elements. 
The electrical and thermal conductivities for CrMoX are shown in Fig. 6b 
and c. Both electrical and thermal conductivities of medium entropy 
CrMoX alloys with group four elements (Ti/Zr with valence electron 
count of 4) result in much lower values than group five or six alloying 
additions. 

Most (not all) metals are known to have very poor Seebeck co
efficients while having significantly higher electrical conductivity. We 
can see in Fig. 6d that ternary refractory alloys show a very low Seebeck 
coefficient. Interestingly, Ti/Zr shows negative Seebeck throughout the 
temperature range (decreases with increasing temperature), which in
dicates holes as dominant charge carriers, while V/Nb/Ta/W have 
electrons as dominant carriers. The CrMoW alloy is the only exception, 
with holes as the dominant carrier at low T and electrons are dominant 
carriers at high T. 

3.4.2. CrMo-based quaternary and quinary RHEAs 
In Fig. 7, we plot the transport behavior of six CrMo-based RHEAs, 

where CrMo composition varies from 35-45 at.% (Cr ~ 5-10 at.% and 
Mo~25-40 at.%), while all other elements (Ti/V/Nb) are 55-65 at.%. 

Fig. 4. (a) Electronic density of states, and (b) charge density difference (Δρ) is 
shown for unary, binary and ternary refractory alloys. For direct comparison, 
we used isosurface value of 0.12 e-/Å3 to plot Δρ for CrMo and CrMoW (see 
more details in appendix Fig. A1). 

Fig. 5. Comparison of (a) DFT and (b) CALPHAD calculated electrical con
ductivities of binary and ternary refractory alloys, i.e., CrMo, CrMoW, CrMoTa, 
CrMoV, and CrMoNb. 

Fig. 6. (a) Relaxation time (τe), (b) electrical conductivity (σ), (c) thermal 
(electrical) conductivity (κl), and (d) Seebeck coefficient of medium entropy 
refractory CrMoX alloys, where X=Ti, Zr, Nb, Ta, W. 
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The selection criteria are based on information provided in Table 1 in 
the method section. The temperature dependence of relaxation time for 
CrMo-based RHEAs is shown in Fig. 7a, which shows a similar order of 
magnitude as ternary alloys in Fig. 6a, i.e., 10−12s. This indicates that 
alloying elements do not greatly affect relaxation time after a certain 
complexity level. We do see slightly higher relaxation time for RHEA6 
where at.% CrMo (35) < at.% Nb (50) at low temperatures, probably due 
to a disproportional increase in the composition of one element. How
ever, the relaxation times of all six RHEAs tend to be in a similar range at 
high temperatures. 

For Cr-based RHEAs, both electrical and thermal conductivities in 
Fig. 7b & c show monotonic change (decrease) with increasing tem
perature. We found that alloy #3 (Cr5Mo40Nb20Ti10V25) and #5 
(Cr30Mo30Nb35Ti10V15) with 10 at.% Ti shows lower conductivities. This 
correlates well with our discussion for ternary CoMX (X=Ti/Zr) in 
Fig. 6b &c, where hole doping (substituting Ti/Zr at X) shows signifi
cantly lower conductivities. Similar to the relaxation time in Fig. 7a, 
both the conductivities seem to converge to similar values at higher 
temperatures, except for alloys #1 and #2, which are slightly higher 
than #6. 

Interestingly, the Seebeck coefficients show a minimum factor of two 
reductions compared to the observed range for ternaries in Fig. 6d. We 
found that the holes are dominant charge carriers in all six RHEAs, 
which looks obvious from the negative values of Seebeck coefficients. 
However, the alloy #3 (Cr5Mo40Nb20Ti10V25) and #5 (Cr30Mo30Nb35

Ti10V15) were found most dominant from the Seebeck coefficient point 
of view due to considerable variation with increasing temperatures. Our 
electronic estimate shows that alloy #3 has 0.05 higher electrons, i.e, 
alloy #5 has more holes reflected in Seebeck plot in Fig. 7d. Higher hole 
states represent unfilling of electronic states that moves them into the 
vicinity of Fermi level, making them more temperature sensitive, which 
is manifested through sharp change in Seebeck coefficient with tem
perature in Fig. 7d. 

3.4.3. MoNb-based (with no Cr) quaternary and quinary RHEAs 
The second set of alloys were chosen that has now Cr, and the se

lection criteria is based on information provided in Table 1 (see the 

methods). In Fig. 7e-h, we discuss the transport properties of Mo-based 
RHEAs with no Cr where Mo composition varies from 25-45 at.%, while 
all other elements (Ti/V/Nb/Ta/W) are 55-75 at.%. The temperature 
dependence of relaxation time for Mo-based RHEAs is shown in Fig. 7a. 
Clearly, the alloys #7, #11, and #12 show slightly higher relaxation 
times compared to others. Interestingly, all three RHEAs have 5-10 at.% 
Ti or Ta with W, while other alloys show no such combination. This is a 
contrasting behavior of Ti in the absence of Cr, as Figs. 6 &7a show no 
noticeable change in relaxation time in the presence of Cr. We speculate 
that this behavior is more related to phase stability as Cr (> 10 at.%) 
leads to energy instability (discussed in the next section). Despite these 
differences, the order of magnitude remains similar to Cr-based alloys, i. 
e., 1 × 10−12 − 3 × 10−12s. 

The electrical conductivity of Mo-based (no-Cr) RHEAs, in Fig. 7f 
show monotonic change (decrease) with increasing temperature, which 
is similar to the observed trends in relaxation time in Fig. 7e. The 
electrical conductivity trends in Mo-based RHEAs (3 × 106 − 13 ×

106 S/m) was found to be in a similar range as CrMo-based RHEAs in 
Fig. 7b (3 × 106 − 14 × 106 S/m). The alloys #11 in Fig. 7e-h is the 
only exception that shows a much sharper drop at lower temperatures, 
which drops to the level of alloy #8, where the only commonality be
tween #8 and #11 is W composition (5 at.%W). In Fig. 7g, we show the 
thermal conductivities for seven Mo-based RHEAs. While the alloys #8, 
#11, and #12 in Fig. 7g show non-monotonic behavior in thermal 
conductivities. Notably, we found that each RHEA, i.e., alloys #8, #11, 
and #12, has very low tungsten (5 at.%W), which suggests that these 
alloys behave very differently at low W concentrations. The Seebeck 
coefficients for Mo-based alloys in Fig. 7h show further shift on a 
negative scale compared to Cr-based alloys in Fig. 7d. The major vari
ation in the Seebeck coefficients was found for alloys #7, #11, and #12, 
which is like the trends observed in relaxation time in Fig. 7e as both the 
quantities strongly depend on number of charge-carriers. 

Fig. 7. Relaxation time (τe), electrical conductivity (σe), thermal (electrical) conductivity (κe), and Seebeck coefficient of (a-d) CrMo-rich, and (e-h) MoNb- 
rich RHEAs. 
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3.5. Section V – phase stability and thermal conductivity of CALPHAD 
selected 126 MPEAs 

Until this point, we systematically studied the transport properties of 
a selected set of unary, binary, ternary, quaternary, and quinary alloys to 
understand the alloying effects on electronic properties. What follows 
below focuses on the total thermal conductivity (TC; here onward we 
will use this terminology) of 126 CALPHAD-selected RHEAs using the 
Slack model [60,61] combined with DFT-calculated electrical and 
thermal conductivities. 

In Fig. 8a, we show a high-throughput formation enthalpy (Eform) 
analysis of 126 compositions down-selected from CALPHAD-based 
analysis. The high (positive) formation enthalpy stability in Fig. 8a 
with increasing Cr composition was detrimental to the thermodynamic 
stability of Cr-Mo-Nb-Ta-Ti-V-W RHEAs. The Eform in Fig. 8a can be 
divided into two distinct regions – (i) enhanced stability of Eform with 
decreasing Cr at.% (x = 0 to 15), and (ii) further substitution of Cr (i.e., 
beyond 15 at.% Cr) acquires a plateau-like zone (enhanced stability in 
terms of energetics as compared to the Cr-poor region). Phase stability 
was also looked at in a bigger context during the analysis by combining 
it with the compositional variation of other elements with respect to Cr. 
For example, Mo-, Nb- or V- rich alloys were found to enhance the Cr 
solubility limit in RHEAs of interest. In Fig. 8b, we show a scatter plot of 
total thermal conductivity (TC) from CALPHAD and DFT. For high- 
temperature applications, the minimum required TC is 10-12 W/m-K 
for efficient heat management in metal alloys [43], which is marked 
by horizonal and vertical, green-dashed lines. Along with minimum TC 
criteria, the down-selected RHEAs also satisfy the other requirement 
required for high-temperature application including phase stability and 
strength as noted in Table 1. 

Fig. 8c shows the comparative plot of CALPHAD and DFT calculated 
thermal conductivities for 20 selected RHEAs at room temperature. 
These 20 RHEAs are a subset of the total 126 alloys studied in this work 
to sample Mo-rich and Cr-rich corners of the alloy design space. The 
thermal conductivities of these alloys were studied withing DFT, which 
are marked in the spreadsheet provided in the Supplemental Material. 
Of these 20 alloys, 5 alloys were selected for experimental validation of 
thermal conductivity. The selection of alloys for experiments was guided 
based on strength screening via Vickers microhardness to identify 
better-performing candidate alloy compositions. The details of other 
experimental measurements including mechanical properties of the al
loys studied in this work will be given in future publication. Notably, a 
direct correlation was found between thermal conductivity and the 
amount of Cr, where TC almost increases linearly with Cr and group IV 

elements (see appendix Figs. A2 & A3). For some cases, the RHEAs with 
lower or no Cr (higher Cr) slightly overestimate (underestimate) the TC 
in DFT when compared to CALPHAD. However, overall, DFT and CAL
PHAD show a good agreement, which suggests that single-phase 
approximation in DFT has no visible effect on the overall conclusion. 
Furthermore, the DFT-predicted TC range combined with the Slack 
model [60,61] for RHEAs in Fig. 8c was found to be in good agreement 
with the TC range predicted by Abere et al. [39]. 

Following transport analysis, we tried to understand the trends in 
phase stability (Eform) and mechanical properties (intrinsic strength and 
tensile strength) of 20 down-selected RHEAs with respect to varying at. 
%Cr, as shown in Fig. 9 (see down-selection criteria in method section). 
Notably, we found two regions in phase stability (Eform) in Fig. 9a with 
Cr-rich (low stability) and Cr-poor (high stability) [76]. Similar trends 
were observed in intrinsic strength (i.e., bulk moduli; Fig. 9b) [77] and 
strength (Fig. 9c) [40–42] where alloys with higher Cr concentration 
possess superior bulk modulus and strength. Interestingly, this shows an 
inverse correlation between TC (total) (Fig. 8c) and strength (Fig. 9c) in 
RHEAs (see Appendix Figs. A1 and A2 for detailed comparison of TC 
with respect Cr composition). Our findings make sense as higher Cr 
means a freer electron cloud within the alloy, which means higher 
conductivity. 

3.6. Section VI - experimental validation 

We conducted TDTR experiments to evaluate the thermal conduc
tivities of 5 chosen RHEA compositions. Alloys were homogenized at 
1800◦C and 1925◦C to eliminate the dendritic microstructure observed 
in as-cast conditions before conducting the TDTR experiments. The 
microstructures of the alloys were observed using electron microscopy 
and found to be dendrite-free and compositionally uniform after the 
homogenization heat treatments. To analyze the TDTR data, solely two 
parameters need to be modified for curve fitting: the sample’s overall 
thermal conductivity and the thermal conductance of the Al/alloy 
interface, denoted as G. Within these alloys, G typically falls between 
120 and 180 MW/m2K⁻1, a value aligned with other Al/metal interfaces 
featuring thin surface oxides. Generally, TDTR determines the thermal 
effusivity of a bulk sample, which reflects the combined effect of its 
thermal conductivity and volumetric heat capacity. Density values ob
tained through Archimedes’ principle and room-temperature specific 
heat capacity measurements were employed to calculate the sample’s 
volumetric heat capacity, serving as input for the TDTR data analysis. 
The average of three measurements obtained from the specimens and 
the DFT/CALPHAD predictions for thermal conductivity of the selected 

Fig. 8. (a) Formation enthalpy (Eform; meV/atom) of 126 refractory-containing alloys studied in this work with respect to at.%Cr, and (b) a comparative TC plot for 
126 RHEAs calculated using CALPHAD and DFT at 300 K. (c) We further select 20 RHEAs from (b) with single-phase stability (-150 meV/atom to +50 meV/atom [5]) 
and best mechanical properties including yield-strength (>400 MPa [43]), and filter five RHEAs for thermal conductivity testing. The color gradient in (a) shows that 
phase stability is stable (unstable) in green region I (red region II). 5 down-selected compositions for experimental validation. 
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RHEAs are reported in Table 2. 
It is evident from Table 2 that both DFT and CALPHAD provide 

reasonable estimates for the RT thermal conductivity of these five 
RHEAs. In general, DFT tends to overestimate the thermal conductivity 
of the alloys while CALPHAD show closer agreement with experiments. 
This is likely due to the fact that DFT assumes a perfect defect-free 
crystal lattice, causing thermal conductivity to be overestimated, on 
the other hand, CALPAHD uses thermal conductivity assessment from 
experiments. Indeed, CALPHAD thermal conductivity predictions for 
Cr10Mo25Nb50V15, Cr10Mo30Nb30Ti5V25, and Cr33Mo33Nb33 fall well 
within the standard deviations of the thermal conductivity measure
ments. For readers point of view, we want to clarify that the thermal 
conductivity measurements were conducted three times at various lo
cations on the sample to confirm repeatability. Interestingly, out of three 
alloys one is ternary CrMoNb that shows excellent agreement. On the 
other hand, for remaining two alloys, CALPHAD over-predicts the 
thermal conductivity of Mo25Nb15Ti10V25W25 and under-predicts for 
Mo25Nb50V20W5. 

To put thermal conductivity measurement on five new RHEAs in 
context, we tabulated comparative literature data related to thermal 
conductivity measurements for several refractory alloys in Table 3. 
Notably, newly designed RHEAs show superior thermal conductivity 
compared to those reported in the literature [33,78], which area 
experimentally validated in Table 2. We also want to emphasize that our 
alloy design approach adopted in this work uses multiple RHEA 
down-selection constraints as detailed in Table 1 [43] while other alloys 
in literature only thermal conductivity related constraint [33,78]. To 
conclude, the higher thermal conductivity suggests that newly designed 
RHEAs may be better suited for thermal management in gas engine 
turbine blades. 

3.7. Section VII - phonon connection to varying thermal conductivity in 
RHEAs 

To connect thermal conductivity with elemental chemistry and 
element type on thermal conductivity, we analyzed phonon dispersion, 
density of states of CrMoNb, Nb50Mo25V25, and Nb50Mo25V20W5 along 

with their correlation with the average atomic mass. 
The schematic in Fig. 10a illustrates the impact of random substi

tution in Nb50Mo25V25 on mass disorder and electron-phonon coupling 
through overlapping phonon bands (Fig. 10b) in Nb-Mo-V with an atom 
of different mass and valence electrons. Fig. 10a suggests a higher 
phonon-dynamics, thereby, increasing thermal conductivity [79]. 
Notably, the tungsten substitution in Nb50Mo25V25 (Fig. 10c) introduces 
higher mass disorder arising from its large atomic size and distinct 
valence electrons than (Nb,V), which is expected to reduce the overlap 
between phonon bands (Fig. 10d). The increased mass disorder reflects 
slower phonon transport and a consequent reduction in thermal con
ductivity. Furthermore, this could also be attributed to tailored 
electron-phonon coupling due to substituting the atoms with mixed 
valence electron count and high mass disorder such as tungsten. 

Interestingly, based on the above hypothesis, we calculated and 
analyzed phononic and mass behavior for three selected RHEAs as 
shown in Fig. 11a-f. We found lower thermal conductivity in 
Nb50Mo25V20W5 compared to CrMoNb and Nb50Mo25V25 
{CALPHAD=43.12, DFT=47.8; Expt.= 42.09 ± 2.11) W/m-K; 
(CALPHAD=25.4 DFT=36.2) W/m-K; and (CALPHAD=27.97, 
DFT=33.5, Expt.=33.46± 4.08) W/m-K}, which is attributed to disorder 
effects induced by tungsten addition. The introduction of tungsten by 
partially substituting vanadium atoms induce considerable mass 
disparity. Notably, tungsten is four times as massive as vanadium and 
twice as heavy as molybednum and niobium, which possibly leads to 
heightened mass-disorder scattering. In contrast, the presence of tung
sten atoms on vanadium sites introduces an additional valence electron, 
thereby intensifying electron-phonon scattering—a phenomenon 
commonly associated with the aliovalent doping of atoms [80]. 

This increased disparity in atomic masses created by tungsten atoms 
contributes to a lower thermal conductivity than the Nb50Mo25V25. 
Thus, incorporating tungsten into the alloy augments band crossings in 
the phonon band structure [81]. The reduced overlap between acoustic 
and optical modes arises from the substantial mass disparity between W 
atoms and the remaining constituents of the alloy matrix. This 
discrepancy induces a sluggishness in the acoustic modes. Further, the 
observed decrease in frequencies for both optical and acoustic phonons 

Fig. 9. (a) Formation energy (Eform), (b) bulk moduli (B), and (c) tensile strength (YS) of 20 down-selected RHEAs. The Cr-rich alloys were found to have higher 
thermal conductivity. See appendix for TC comparison with respect to valence electron count (Fig. A2(a)), Cr (Fig. A2(b)), and Cr+Mo+W (Fig. A3). 

Table 2 
Nominal and EDS compositions, experimental measurements and predictions via CALPHAD for density, and experimental measurements and predictions via DFT and 
CALPHAD for thermal conductivity of the selected RHEAs.  

Selected RHEAs Compositions Condition Density [g/c.c.] Thermal Conductivity [W/(m-K)] 

Nominal EDS CALPHAD Expt. DFT CALPHAD Expt. 

Cr10Mo25Nb50V15 Cr9.8Mo24.3Nb50.1V15.8 VAM + 1800◦C 10h 8.55 8.554 37.1 29.65 31.45 ± 2.20 
Cr10Mo30Nb30Ti5V25 Cr9.2Mo27.4Nb32.1Ti5.5V25.8 VAM + 1800◦C 12h 8.19 8.197 26.5 26.39 24.82 ± 1.61 
Cr33Mo33Nb33 Cr33.8Mo32.5Nb33.7 VAM + 1800◦C 10h 8.82 8.758 47.8 43.12 42.09 ± 2.11 
Mo25Nb15Ti10V25W25 Mo25.5Nb14.8Ti9.4V24.1W26.2 VAM + 1800◦C 20h + 1925◦C 14h 10.75 10.645 35.7 32.01 25.53 ± 2.54 
Mo25Nb50V20W5 Mo24.5Nb48.9V21.4W5.2 VAM + 1925◦C 12h 9.07 8.959 33.1 27.97 33.46 ± 4.08  
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indicate the presence of a phonon softening effect, leading to a reduction 
in group velocities and suppression of thermal transport. 

Predominantly, tungsten influences mid-frequency bands, including 
acoustic bands’ highest frequencies, as indicated by the states’ phonon 
density. This complex interplay of mass variations and band structure 
alterations underscores the intricate relationship between alloy 
composition and lattice thermal conductivity in the Nb50Mo25V20W5. As 
tungsten content increases, the mean atomic mass of the system rises 
(Fig. 11f), causing W to transition from an impurity to a more integral 
part of the alloy matrix, thereby suppressing mass disorder and 
enhancing thermal transport. This leads to increased thermal conduc
tivity for W-rich alloys. To corroborate these results, the thermal con
ductivities of three RHEAs were estimated with CALPHAD. The thermal 
conductivity of CrMoNb, Nb50Mo25V25, and Nb50Mo25V20W5 were 
43.12 (DFT=47.8; Expt.= 42.09 ± 2.11) W/m-K, 25.4 (DFT=36.2) W/ 
m-K, and 27.97 (DFT=33.5; Expt.=33.46± 4.08) W/m-K, respectively. 
The CALPHAD successfully predicted the highest thermal conductivity 
for CrMoNb, similar to DFT (47.82 W/m-K) and experiments (42.09 ±
2.11 W/m-K). However, the CALPHAD-based calculations could not 
capture the effect of small composition variation on thermal conduc
tivity of Nb50Mo25V25 and Nb50Mo25V20W5. This also highlights the 
limitations of CALPHAD and stresses the importance of the systematic ab 
initio results in this work. Finally, in Fig. 11h, we show DFT calculated 
vibrational (lattice) entropy for the three alloys, which shows that alloy 
with maximum mass disorder, i.e., Nb50Mo25V20W5, has higher entropic 
contribution, which increases at elevated temperatures. Moreover, it is 

Table 3 
Thermal conductivity comparison between this work (five RHEAs) and literature [33,78]. (VAM: Vacuum arc-melting. SPS: Spark plasma sintering).  

Nominal compositions of selected 
RHEAs 

EDS compositions of selected 
RHEAs 

Conditions Measured Thermal Conductivity [W/(m- 
K)] 

Cr10Mo25Nb50V15 Cr9.8Mo24.3Nb50.1V15.8 VAM + Homogenized (1800◦C 10h) 31.45 ± 2.20 
Cr10Mo30Nb30Ti5V25 Cr9.2Mo27.4Nb32.1Ti5.5V25.8 VAM + Homogenized (1800◦C 12h) 24.82 ± 1.61 
Cr33Mo33Nb33 Cr33.8Mo32.5Nb33.7 VAM + Homogenized (1800◦C 10h) 42.09 ± 2.11 
Mo25Nb15Ti10V25W25 Mo25.5Nb14.8Ti9.4V24.1W26.2 VAM + Homogenized (1800◦C 20h + 1925◦C 

14h) 
25.53 ± 2.54 

Mo25Nb50V20W5 Mo24.5Nb48.9V21.4W5.2 VAM + Homogenized (1925◦C 12h) 33.46 ± 4.08 
TaTiNb [33] NA SPS (1373 K, 50 MPa, 10 min) 23 
TaTiNbZr [33] NA SPS (1373 K, 50 MPa, 10 min) 14 
TaTiNbZrMo [33] NA SPS (1373 K, 50 MPa, 10 min) 15 
TaTiNbZrW [33] NA SPS (1373 K, 50 MPa, 10 min) 11 
W60Ta20V20 [78] W64.5Ta21.3V14.3 VAM 42 
WTaV [78] W42.1Ta33.5V24.4 VAM 25 
W40Ta20V20Ti20 [78] W37.5Ta28.9V17.8Ti15.8 VAM 19 
WTaVTiCr [78] W41.3Ta25.7V12.7Ti9.7Cr10.7 VAM 14  

Fig. 10. Schematic showing the impact of aliovalent (an atom with distinct 
valence electrons) on (a) inherent mass-disorder, (b) bands indicative of fast 
phonon dynamics, (c) substitution by an atom of distinct valence electrons leads 
to (d) reduced band overlap in disordered solids. 

Fig. 11. Phonon dispersion and density of states displayed for (a) CrMoNb, (b) Nb50Mo25V25, and (c) Nb50Mo25V20W5 RHEAs. (e-f) The mean atomic mass of 
respective elements in three RHEAs was analyzed to highlight their mass differences. The color of the dashed lines in (a-c) shows soft (green) to stronger (red) modes 
with change in disorder, while the red dashed line in (d-f) shows mean-atomic mass for respective RHEAs. (g) The lattice entropy vs temperature plot for three alloys 
showing higher mass disorder leads to higher entropic contribution. 
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well understood that phonon (optical) concentration increases with 
increasing temperature, which will lead to shorter relaxation times (~ 
1/T) arising from increased phonon-phonon scattering, thereby, 
resulting into an inverse relationship between thermal conductivity and 
temperature [82]. This suggests that tungsten-based alloys will expected 
have much lower thermal conductivity at higher temperature, which is 
also reflected through increased density of optical phonons at higher 
frequencies. Notably, the lattice contribution was found to decrease 
systematically with decreasing mass disorder, which is minimum for 
CrMoNb. 

The elevated thermal conductivity observed for CrMoNb is attributed 
to a symmetrical band structure, low mass disorder (Fig. 11d), and lower 
frequencies of acoustic vibrational modes, as shown in Fig 11a-c. In 
highly disordered alloys, phonons experience scattering proportional to 
the fourth power of phonon frequency (ω⁴) [83,84], accentuating the 
significance of low-frequency acoustic modes in enhancing thermal 
conductivity by reducing the magnitude of scattering. Another 
contributing factor is the closely aligned behavior of Nb and Mo, which 
is evident in the density of states. This similarity in behavior reduces 
phonon scattering, further promoting efficient thermal transport in the 
alloy. The heightened intensity of the phonon DOS in the CrMoNb alloy 
indicates a substantial number of available pathways for phonon 
transport, thereby suggesting a higher thermal conductivity. Addition
ally, the increased density of phonons at lower frequencies underscores 
the alloy’s superior capacity for thermal transport. 

4. Conclusion 

To achieve thermal stability and to reduce residual or operational 
thermal stresses inside components during their fabrication and ther
momechanical processing, we must design alloys with enhanced thermal 
conductivity (or tailored thermal conductivity for other applications), 
which induces rapid heat dissipation from high-temperature regions. As 
such, we performed a systematic study using the DFT-based transport 
calculations for selected unary, binary, ternary, quaternary, and quinary 
refractory alloys and RHEAs, including relaxation times, along with 
electrical, thermal conductivity, and the Seebeck coefficient, to under
stand alloying effects on transport properties of Ti-Cr-Mo-W-V-Nb-Ta 
RHEAs. For simplicity, scattering from any kind of point defects was 
not considered. However, we were able to capture the contribution of 
individual alloying elements to thermal transport. 

Our results provided an initial understanding of alloying effects 
introduced by chemical complexity and its impacts on the thermal 
transport of RHEAs. They show that increased entropy arising from 
increased chemical complexity in RHEAs gives control over the 
tunability of thermal transport. These insights into RHEA thermal 
behavior and their chemical and thermodynamic correlation provide an 
avenue for high-throughput exploration of charge-carrier tunability and 
direct design of new alloys with tailored thermal-transport performance 
using optimal alloying. Our CALPHAD and experimental results vali
dated the findings of this work. Thermodynamic, electronic-structure, 
phonon, and mechanical property analysis show critical structure- 

property correlations to enhance and tailor thermal transport in metal 
alloys. Our work provides a path forward in alloy design for high- 
temperature applications. 
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Appendix 

The electronic-structure and charge density of unary {Cr, Mo, W} and binary {CrMo, CrW, MoW} alloys. In charge density plot, we could clearly 
see the increasing complexity with increasing number of elements. 
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Fig. A1. (a) Electronic density of states, and (b-d) change in electronic charge density (Δρ) for binary {CrMo, CrW, MoW}, and ternary CrMoW. The isosurface value 
of 0.12 e-/Å3 was used. 

Thermal conductivity vs VEC and Cr concentration: In Fig. A2, we show correlation of DFT and CALPHAD calculated thermal (total) con
ductivity with valence electron count and chromium concentration Ti-Cr-Mo-W-V-Nb-Ta RHEAs. Appendix Fig. A2 (a) clearly shows an increasing 
trend in TC with increasing electron count, while TC plot with respect to pure Cr in Fig. A2 (b) does not so such trend.

Fig. A2. Thermal (total) conductivity with respect to (a) valence electron count, and (b) chromium concentration in Ti-Cr-Mo-W-V-Nb-Ta RHEAs.  

In Fig. A3, we show DFT calculated thermal (total) conductivity comparison with respect to the concentration of group VI elements, i.e., 
Cr+Mo+W, which shows good correlation. Figs. A2 (a) and A3 shows a more generalizable trend of TC in terms of VEC electron count rather than just 
one element type.

Fig. A3. DFT calculated thermal (total) conductivity with respect to composition of group VI (Cr+Mo+W) elements in Ti-Cr-Mo-W-V-Nb-Ta RHEAs.  
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